Biobased chemicals have become attractive replacements for their fossil-fuel counterparts. Recent studies have shown triacetic acid lactone (TAL) to be a promising candidate, capable of undergoing chemical conversion to sorbic acid and other valuable intermediates. In this study, Saccharomyces cerevisiae was engineered for the high-level production of TAL by overexpression of the Gerbera hybrida 2-pyrone synthase (2-PS) and systematic engineering of the yeast metabolic pathways. Pathway analysis and a computational approach were employed to target increases in cofactor and precursor pools to improve TAL synthesis. The pathways engineered include those for energy storage and generation, pentose biosynthesis, gluconeogenesis, lipid biosynthesis and regulation, cofactor transport, and fermentative capacity. Seventeen genes were selected for disruption and independently screened for their effect on TAL production; combinations of knockouts were then evaluated. A combination of the pathway engineering and optimal culture parameters led to a 37-fold increase in titer to 2.2 g/L and a 50-fold increase in yield to 0.13 (g/g glucose). These values are the highest reported in the literature, and provide a 3-fold improvement in yield over previous reports using S. cerevisiae. Identification of these metabolic bottlenecks provides a strategy for overproduction of other acetyl-CoA-dependent products in yeast.
Introduction
The demand for renewable, biobased products as an alternative to those of petroleum origin is rapidly reshaping the scope of biotechnology. To date, the chemical industry has relied heavily on petroleum resources and chemical catalysis for the production of a wide array of end products (Nikolau et al., 2008) . Using microorganisms and enzymes, for example to ferment lignocellulosic biomass (Hamelinck et al., 2005) or to produce novel compounds (Westfall et al., 2012) , is an essential component to establishing a biorenewables infrastructure. By pulling together biocatalysis and chemical catalysis, valuable chemical intermediates can similarly be synthesized into numerous end products, with biorenewable feedstocks replacing those from fossil-carbon (Nikolau et al., 2008) .
Triacetic acid lactone (TAL), also known as 4-hydroxy-6-methyl-2-pyrone, can be used in the production of polyketide anthraquinones by deriving the tetraphenolic acid from TAL's methyl ether (Evans et al., 1979) . Recent efforts have uncovered novel catalysis methods expanding the utility of the TAL moiety. Chia et al. (2012) illustrated that TAL can undergo chemical upgrading through a variety of reactions to generate attractive end products like sorbic acid and 1,3-pentadiene that are precursors to preservatives and plastics, respectively. The ability to readily convert TAL into numerous chemicals that are currently produced using petroleum feedstocks (Chia et al., 2012) makes TAL a relevant precursor candidate for microbial synthesis. While TAL is commercially available, the chemical manufacture of TAL significantly limits its potential for upgrading to low-cost commodity chemicals due to the presence of various byproducts and the requirement of a high-cost multi-stage process (Goel and Ram, 2009; Taeschler, 2010) . Therefore developing a biological route for converting sugars directly to TAL will facilitate its use industrially.
TAL is natively produced by the plant Gerbera hybrida, where it is further modified to generate anti-pathogen compounds gerberin and parsorboside (Eckermann et al., 1998) . The type III polyketide synthase (PKS) 2-pyrone synthase (2-PS), encoded by the g2ps1 gene, produces TAL via two iterative decarboxylation/condensation reactions using a starter acetyl-CoA and two extender malonyl-CoA molecules (Austin and Noel, 2003) , both of which are common metabolites in bacteria and eukaryotes. Recently, Tang et al. (2013) reported the use of directed evolution to identify 2-PS mutants yielding higher expression than the native 2-PS by a fluorescence reporter assay. TAL can also be produced from nonnative synthases. A closely related type III PKS from Medicago sativa, the chs2-encoded chalcone synthase (CHS), was shown to produce TAL following three point mutations (T197L/G256L/S338I) resulting in altered specificity for acetyl-CoA and reduced elongations (Jez et al., 2000) . The type I PKS 6-methylsalicylic acid synthase (6-MSA) from Penicillium patulum was modified to inactivate the ketoreductase domain and produce TAL in vivo (Richardson et al., 1999; Xie et al., 2006) , and the Brevibacterium ammoniagenes fatty acid synthase B (FAS-B) was also rationally designed with an inactive ketoreductase domain (Y2226F) to produce TAL (Zha et al., 2004) . A drawback to these latter two systems is that they require a phosphopantetheinyl transferase for activation, while the 2-PS and CHS type III PKSs do not (Austin and Noel, 2003) .
Triacetic acid lactone has been reported to have negative effects on microbial cell growth. Specifically, TAL is extremely toxic to Escherichia coli with an observed reduction in growth rate of 25% and 90% in 10 mM and 20 mM TAL, respectively, and no growth detected at 50 mM TAL (Laura Jarboe, personal communication). However, there was no effect on the growth rate of Saccharomyces cerevisiae at concentrations of up to 200 mM TAL (the higher concentrations exceeded the solubility limit). In the in vivo studies on TAL biosynthesis in E. coli, concentrations were much lower than 50 mM, and maximal levels were not achieved until after exponential growth (Xie et al., 2006; Tang et al., 2013) . Tang et al. (2013) recently reported titers of 2.06 g/L (16.4 mM), corresponding to a yield of 0.102 g/g glycerol (22% of theoretical) using an engineered 2-PS variant (L202G/M259L/L261N) in E. coli. This was a significant increase over the previously reported levels achieved in E. coli (0.47 g/L, 0.6% of theoretical yield on glucose) using the wildtype 2-PS and under fermenter-controlled conditions (Xie et al., 2006) . In this latter study S. cerevisiae was also evaluated and produced titers of 0.37 g/L (1.0% of theoretical) using the wildtype 2-PS enzyme and 1.8 g/L (8.9% of theoretical) using an Y1572F variant 6-MSA synthase. In both cases, this was after 168 h of fedbatch fermentation. Yields thus remain relatively low during microbial production of TAL.
The above studies considered the enzyme and culture conditions used for TAL synthesis. The current study focuses on the engineering of S. cerevisiae to enhance TAL production via targeted improvements in the pyruvate, acetyl-CoA, and NAD þ pools. To our knowledge this is the only study to consider metabolic pathway engineering to increase the synthesis of triacetic acid lactone. An emphasis was placed on yeast as the host based on the TAL sensitivities reported in E. coli. After establishing an initial expression system, metabolic pathways were engineered for improved TAL biosynthesis. The computational tool OptKnock (Schellenberger et al., 2011) available in the COBRA Toolbox was used to aid the pathway engineering by identifying additional gene deletions for improved flux toward acetylCoA and malonyl-CoA. These strain modifications were evaluated independently and in combination to determine their effect on TAL production in S. cerevisiae, and final cultivations were done in fedbatch mode to increase titers. The metabolic pathway interventions shown to generate higher levels of TAL should prove directly applicable to the increased synthesis of other polyketide products.
Materials and methods

Strains and plasmids
E. coli strain XL1-Blue (Stratagene, Santa Clara, CA) was used for amplification of plasmids. S. cerevisiae strains BY4741 and BY4741Δtrp1 (Open Biosystems, Huntsville, AL) and BJ5464 (Jones, 1991) were used as the base strains for TAL production, and subsequent engineered strains were derived from these (Table 1) . A variety of additional single gene knockouts from the BY4741 knockout library (Open Biosystems) were also utilized for preliminary strain screening. Details on the strain construction can be found in the Supplementary Data. pXP vectors (Fang et al., 2011) were used to amplify loxPflanked selectable markers LEU2-d8, TRP1, MET15, or HIS3 for gene disruption. Using the corresponding primer sets (Supplementary  Table S1 ), the markers were amplified with approximately 50 bp homology to the target gene location. Yeast cells were transformed as previously described (Gietz et al., 1992; Hill et al., 1991) . Cell colonies were allowed to grow on selective plates for 3-5 days, and gene disruptions were verified following amplification of genomic DNA using Taq polymerase (New England Biolabs, Ipswich, MA), and confirming the presence of the loxP-flanked selection marker.
The pXP218 and pXP842 yeast 2µ-based vectors (Fang et al., 2011; Shen et al., 2012) harbor a PGK1 or ADH2 promoter, respectively, the CYC1 terminator, and a loxP-flanked URA3 selection marker. The g2ps1 gene encoding the 2-PS from G. hybrida was PCR amplified from the pHIS8 cassette (Jez et al., 2000) . Following SpeI and XhoI digestion, the gene was inserted into pXP218 and pXP842 using the Rapid DNA Ligation Kit (Thermo Scientific, Waltham, MA) to construct pXP218-2PS and pXP842-2PS. Similar methods were used to introduce the altered chs2 gene encoding the T197L/G256L/S338I mutant of chalcone synthase (CHS) from M. sativa (Jez et al., 2000) and a Y1572F mutant of 6-MSAS from P. patulum into pXP842 (Supplementary Data). Plasmid recovery was performed using the GeneJet ™ Plasmid Miniprep Kit (Thermo Scientific, Waltham, MA) and DNA sequence analysis confirmed the correct sequence of all PCR-amplified inserts (GeneWiz, South Plainfield, NJ; Eton Biosciences, San Diego, CA). KOD Hot-start polymerase (EMD Chemicals, San Diego, CA) was used in PCR reactions for plasmid constructs and knockout strains. PCR for site-directed mutagenesis of 6-MSAS was performed using PfuUltra II Fusion HS DNA Polymerase (Stratagene). Restriction enzymes, T4 DNA ligase, Taq DNA polymerase, and deoxynucleotides were purchased from New England Biolabs. Oligonucleotide primers were purchased from IDT DNA (San Diego, CA).
Media and cultivation
Luria-Bertani (LB) media was used for proliferation of XL1-Blue cells with 150 mg/L ampicillin for selection of plasmid-containing strains (Sambrook and Russell, 2001) . Complex YPD media (0.5%, 1%, or 2% dextrose; 1% Bacto yeast extract; 2 % Bacto peptone), selective SDC(A) media (1% dextrose, 0.67% yeast nitrogen base, 0.5% Bacto casamino acids, 0.5% ammonium sulfate and 100 mg/L adenine), selective SDC(A,T) media (SDC(A) with 100 mg/L tryptophan), and minimal selective SD media (2% dextrose, 0.67% yeast nitrogen base, 0.5% ammonium sulfate) supplemented with 100 mg/L adenine, 100 mg/L tryptophan, 100 mg/L histidine, and 150 mg/L leucine were used for cultivation of yeast strains. Strains harboring the pXP218-based vectors (PGK1 promoter) were grown in selective media. Strains harboring the pXP842-based vectors (ADH2 promoter) were grown in YPD medium.
S. cerevisiae strains were grown for 16 h overnight in 5 mL selective SDC(A) media in an air shaker (New Brunswick Scientific) at 250 rpm and 30 1C, and used to inoculate 5 mL tube or 50 mL flask cultures to an initial cell density (OD 600 ) of 0.3 (Shimadzu UV-2450 UV-vis Spectrophotometer, Columbia, MD). A correlation factor was used to convert OD to dry cell weight per liter (1 OD¼0.43 g DCW/L). During cultivation, samples were taken at 24, 48, and/or 72 h, cell densities were determined, and the samples were centrifuged at 3000 rpm (2600 g) for 5 min at 4 1C (Beckman GS-6R Centrifuge, Brea, CA). The supernatants were stored at 4 1C for HPLC analysis of TAL levels in the culture broth.
Plasmid stability
The yeast strain was cultivated in 1% YPD medium for 48 h, diluted with sterile water, and plated onto YPD plates. Approximately 100 colonies were transferred to selective SDC-A plates and non-selective YPD plates (to verify viability). The percent plasmidcontaining cells was determined as the number of colonies on the SDC-A plates divided by the number of viable colonies transferred. Three independent experiments were performed.
Glucose-limited fed-batch fermentations
A New Brunswick BioFlo III system equipped with a 2.5 L working capacity vessel was employed for fed-batch operation. Initial 5 mL overnight cultures were used to inoculate a 50 mL shake flask culture that was used as the seed inoculum. Media was YPD containing 1% glucose. Following inoculation to an OD 600 of 0.3 (V¼1.5 L), the fermentor pH was controlled at pH 6 by automatic supply of either 6 M sodium hydroxide or 6 M hydrochloric acid. Agitation speed was 400 rpm and sparged air was initially supplied at 0.2 vvm. To maintain the dissolved oxygen levels above 20%, the aeration rate was gradually increased to a maximum of 0.8 vvm. Following 12 h of batch cultivation in the fermentor, a glucose feed (3.6 M) was initiated. The speed of the glucose feed pump was varied to maintain DO levels at 20% with a constant aeration rate of 0.8 vvm and a maximum glucose pump speed of 1.5 mL/h. The fermentation was allowed to proceed for a total of 120 h, leading to a final culture volume of approximately 1.7 L.
HPLC assay
The concentration of triacetic acid lactone was measured by HPLC using a Shimadzu HPLC system: LC-10AT pumps (Shimadzu), UV-vis detector (SPD-10A VP, Shimadzu), Zorbax SB-C18 reversedphase column (2.1 Â 150 mm, Agilent Technologies). Acetonitrile buffered in 1% acetic acid was used as the mobile phase, while HPLC grade water buffered in 1% acetic acid was used as the aqueous phase. A gradient program using a 95-85% Pump B 
Yield calculations
Actual yield was calculated as the total TAL formed divided by the total glucose supplied to the culture at inoculation. Maximum theoretical yield was calculated based on the metabolic reactions from glucose to TAL assuming all glucose was converted to product (i.e., no growth) and was determined to be 0.47 g/g glucose. (The theoretical maximum on glycerol was also found to be 0.46 g/g glycerol.) Therefore, the percent of the theoretical yield of TAL on glucose was calculated as: [TAL (g/L)/Glucose Fed (g/L)/0.47 (g/g) n 100%]. Although complex YPD medium was used, it does not support significant cell growth in the absence of glucose (o 6% of total growth). Therefore, other carbon sources in YPD should have little effect on the calculated yields.
Results and discussion
Resistance of Saccharomyces cerevisiae to TAL
Previous research has demonstrated the high tolerance of S. cerevisiae to TAL relative to E. coli. To further explore the sensitivity of this yeast to TAL, we determined the effects of two TAL concentrations on yeast growth at a pH of 5.0 and 6.0. We first supplemented with increasing amounts of solid TAL and determined the solubility limits at 30 1C, approximately 9.0 g/L in water and 6.5 g/L in SDC(A) and YPD media. A significant drop in solubility was observed when temperature was reduced, with a TAL solubility of 2.8 g/L at 4 1C in SDC(A) medium.
To determine the effects on growth, S. cerevisiae strain BY4741 was cultivated in SDC(A) or complex YPD medium containing 1% glucose and spiked with TAL at 5 or 10 g/L. Medium pH was then adjusted to 5.0 or 6.0. Insoluble TAL (in the 10 g/L culture) was allowed to settle prior to measuring cell density. Growth rates and final cell densities (48 h) were determined, and are shown in Table 2 . Increasing TAL concentration reduced both growth rate and final cell density; this effect was more pronounced at the lower pH and in SDC(A) medium. In the complex YPD medium, minimal decreases were observed, particularly at pH 6.0. YPD has a natural buffering capacity around pH 6.5 relative to SDC(A); in SDC(A), a drop in pH (up to 1 pH unit) occurs during cultivation. With a pKa of 4.9 (Moreno-Mañas et al., 1988) , levels of the protonated form of TAL will increase with decreasing culture pH. Protonated forms of fatty acids are incorporated at higher levels in the membrane resulting in membrane leakage in S. cerevisiae and reduced growth rate (Liu et al., 2013) . Related lactones can also be incorporated into the membrane and detrimentally affect membrane fluidity and integrity (Aguedo et al., 2003) . Therefore, at lower pH, the protonated TAL may similarly be detrimental to the membrane and thus cell growth rate.
The results in Table 2 are obtained for high levels of TAL added at the start of batch culture; even so, the effects on growth were relatively minor in S. cerevisiae. High TAL concentrations are not expected until late in the cultivation, therefore S. cerevisiae is an excellent host for TAL production. Table 2 Growth rates and final cell densities for strain BY4741 cultured in the presence of varying concentrations of TAL in two media at a pH of 5.0 or 6.0. Values are mean 7 standard deviation (n¼ 3).
Media
Starting pH Maximum specific growth rate (h 
Initial expression system and culture conditions
Our baseline strain BY4741 expressing G. hybrida 2-pyrone synthase under the strong glycolytic PGK1 promoter (plasmid pXP218-2PS) produced only 58 mg/L of TAL (see Supplementary Data) with a yield on glucose of less than 1% (g/g). Therefore, we varied the promoter, synthase, and culture conditions, and introduced protease knockouts to increase TAL levels prior to our pathway engineering.
The late-phase ADH2 promoter has shown excellent performance for the expression of other polyketides and fatty acid synthases in our laboratory and others (Kealey et al., 1998; Leber and Da Silva, 2013; Lee et al., 2009; Ma et al., 2009; Mutka et al., 2006) . This promoter is active when glucose levels fall, and optimal induction occurs in 1% glucose YPD medium (Lee and Da Silva, 2005) . Due to the late induction, plasmid stabilities remain high even in complex medium (Shen et al., 2012) . Substitution of this promoter (plasmid pXP842-2PS) increased titers 4.5-fold over the PGK1 promoter to 260 mg/L (see Supplementary Data; Fig. S2 ). This increase is similar to that observed by Xie et al. (2006) ; they reported higher levels with the ADH2 promoter relative to the GPD1 and ADH1 promoters. In our batch cultures, only a 10% increase in TAL was observed from 48-72 h (Fig. S2) ; therefore a 48 h cultivation period was selected for subsequent studies. As expected, a 1% glucose level resulted in the best performance (see Supplementary Data) .
The native G. hybrida 2-pyrone synthase (2-PS) is responsible for the synthesis of TAL, but mutant PKSs have also been shown to make TAL (Jez et al., 2000; Xie et al., 2006) . These two mutants were briefly compared (T197L/G256L/S338I chalcone synthase from M. sativa, Y1572F 6-MSA synthase from P. patulum) with the native 2-PS using the same promoter and backbone vector (pXP-842). During the 48 h cultivation, the variants produced similar or lower levels of TAL relative to 2-PS (Fig. 1A) . The native 2-PS enzyme was selected for use in our strain development studies. An additional advantage of moving forward with the 2-PS relative to the 6-MSAS variant is that overexpression of a phosphopantetheinyl transferase (for activation) is not required.
Yeast proteases have been shown to act on heterologous enzymes produced in S. cerevisiae, and can negatively affect PKS levels and thus polyketide production. In our previous work ), disruption of the two vacuolar protease genes (PEP4 and PRB1) encoding the aspartyl protease and proteinase B, respectively, were shown to be critical to detect lovastatin nonaketide synthase (LNKS) produced in yeast. Therefore, BY4741 strains with single and double knockouts of these genes were evaluated, and TAL production was measured following a 48 h cultivation in YPD. The Δpep4 strain resulted in an increase in titer of 50% over the base strain, while
Δprb1 yielded an increase of 135% (Fig. 1B) , with no added improvement when combining the deletions (Δpep4Δprb1). An independent strain (BJ5464) that also lacks these two proteases produced similar levels of TAL. Reduction of proteolytic degradation of 2-PS is thus important for TAL production. Titer and yield increased more than 2-fold to 580 mg/L and 12% of theoretical yield (g/g glucose).
Identification and disruption of competing pathways to improve TAL synthesis
The 2-PS requires one acetyl-CoA starter and two malonyl-CoA extender units to generate one triacetic acid lactone product (Jez et al., 2000) . These two precursors are produced naturally by S. cerevisiae and are in high demand for energy production, fatty acid biosynthesis, and other cellular activities, with malonyl-CoA pools believed to be a significant limiting factor in these processes (Chen et al., 2012; Wattanachaisaereekul et al., 2008) . Synthesis of acetyl-CoA/malonyl-CoA metabolites relies on cytosolic pyruvate, Fig. 2 . Metabolic pathways identified for optimizing TAL precursors in S. cerevisiae. The highlighted metabolites (bold) identify major by-products generated in central carbon metabolism leading to reduced pyruvate and acetyl-CoA pools. The genes corresponding to enzymes catalyzing the reactions are shown in italics and were determined by pathway analysis (circled), computational predictions (boxed), or both (underlined). In this schematic, reactions not directly used in our analysis have been consolidated as dashed arrows. a critical branch point in glycolysis (Pronk et al., 1996) . For this reason, engineering S. cerevisiae to increase acetyl-CoA and pyruvate levels could alleviate flux limitations toward TAL production.
Enzymes participating in central carbon metabolism that are responsible for producing or consuming pyruvate and acetyl-CoA were analyzed to identify potential gene deletions to increase TAL production. The pathways illustrated in Fig. 2 focus on the utilization of glucose-6-phosphate (G6P) by the cell following glucose uptake from the medium. Significant byproducts (glycogen, pentose sugars, glycerol, and ethanol) that can be produced while generating TAL precursor pools are also shown. Using this pathway analysis, a variety of genes were selected for deletion including GSY1/2, ZWF1, PYC1/2, PCK1, FBP1, YIA6, ADH1, and MLS1 (Fig. 2, circled and underlined genes). The GSY1/2 and ZWF1 genes focus on an early branch point in glycolysis; GSY1 and GYS2 encode glycogen synthase paralogs that produce glycogen for energy storage in the cell, and ZWF1 encodes the glucose-6-phosphate dehydrogenase important for driving the pentose phosphate pathway (Ni and LaPorte, 1995; Nogae and Johnston, 1990) . The PYC1/2, PCK1, and FBP1 genes encode activities important in the gluconeogenic pathway that support increases in biomass and glycogen using non-fermentable carbon sources (Lin et al., 2001) . The yeast mitochondrial NAD þ transporter encoded by YIA6 was recently identified to perform a unidirectional transport of NAD þ out of the cytoplasm and into the mitochondria (Todisco et al., 2006) . The ADH1-encoded alcohol dehydrogenase is known to convert acetaldehyde to ethanol and also plays an important role in redox balance by generating NAD þ as a byproduct (Denis et al., 1983 ). Malate synthase is encoded by MLS1 and is responsible for generating malate from acetyl-CoA in the cytosol (Chen et al., 2012) .
To eliminate their native activities and thus improve precursor (acetyl-CoA and malonyl-CoA) pools, strains with single gene disruptions (Table 1) were transformed with pXP842-2PS. This set of single knockout strains was cultivated in YPD medium (1% glucose) for 48 h and TAL production was compared on both a specific (per g cell) basis (Fig. 3A) and a volumetric (titer) basis (Fig. 3B) . The final cell densities of the cultures are shown in Fig. 3C (growth curves are in Supplementary Data: Fig. S3 ). Knockouts of GSY1/2, ZWF1, PYC1/2, or YIA6 gave greater than 2-fold increases in specific TAL levels and approximately 50% increases in final biomass. In combination, this led to ca. 3-fold increases in TAL with titers of up to 0.81 g/L. Knockouts of PCK1, ADH1, and MLS1 did not increase TAL titers or specific production, with levels comparable or lower than the control strain (WT). The knockout of FBP1 increased titer by 2.2-fold and per cell levels by 2.4-fold, one of the highest specific production levels despite a slight reduction in growth. The significance of this deletion is that Fbp1p is responsible for conversion of fructose 1,6-biphosphate, which is the only reversible step (Pfk1p acts in the forward direction) of glycolysis that uses an independent enzyme (Lin et al., 2001) . The results for the best strains (Fig. 3) show that the most important factor was the effect of the gene disruptions on the TAL produced on a per cell basis. However, the highest titers came from strains that were also able to generate increased biomass. By exploiting the well-known metabolic pathways, our analysis suggested ten genes for disruption to redirect the metabolic flux toward TAL precursors. This strategy proved successful as six of the ten knockouts resulted in 3-fold higher TAL titers and 42-fold increases in specific production. 
In silico prediction of pathway gene knockouts via OptKnock
An in silico metabolic engineering approach was also used to identify additional promising single gene disruptions, where identification could be facilitated using a genome-scale model. Using the iMM904 yeast metabolic network, we employed the OptKnock algorithm packaged within the Cobra Toolbox (Mo et al., 2009; Schellenberger et al., 2011) . This algorithm has been designed to identify gene knockouts in an organism core model that will increase a target flux value as specified by the user (Burgard et al., 2003) , and uses a bilevel optimization framework such that maximization of the target metabolite is subject to maximizing biomass flux. In doing so, solutions should provide gene disruptions free of growth defects, adding a layer of robustness relative to the metabolic engineering approach described above. The procedure has been validated extensively in vivo using E. coli, and a recent report achieved nearly a 60-fold improvement in 2, 3-butanediol titers using S. cerevisiae (Ng et al., 2012) . Our optimization was constrained to target the flux of either acetylCoA or pyruvate, and limited to up to five deletions in any given solution set. Two solution sets were generated for acetyl-CoA and one unique set for pyruvate, made possible by modulating both biomass and ATP maintenance in the optimization constraints. The reactions and their corresponding genes identified in the optimization problem using these two targets are summarized in Table 3 . The metabolic pathways associated with these interventions can be found in Fig. 2 (boxed and underlined genes) . For acetyl-CoA flux, three reactions were identified and had genes associated with glycogen biosynthesis (phosphoglucomutase; PGM1/2), lipid metabolism (serine esterase; NTE1), or glycerol biosynthesis (glycerol-3-phosphate dehydrogenase; GPD1). Fig. 2 illustrates how these disruptions benefit TAL production by increasing acetyl-CoA levels. With these deletions there will be a reduction in flux toward significant branch points in glycogen and pentose biosynthesis, as well as fatty acid biosynthesis that is known to consume large quantities of acetyl-CoA and malonyl-CoA. In the case of pyruvate flux as the target, OptKnock selected the PC reaction for disruption, corresponding to pyruvate carboxylase activity encoded by the PYC1/2 genes, and the first committed step of gluconeogenesis. These two deletions were already evaluated as discussed above. Strains harboring a single deletion in PGM1, PGM2, NTE1, or GPD1 were transformed with pXP842-2PS, cultivated for 48 h in YPD, and then screened for TAL biosynthesis. All six strains corresponding to interventions identified by the in silico method showed robust growth and gave significant improvements with increases that resulted in 3-fold higher TAL titers and 42-fold increases in specific production (Fig. 3) .
It was not surprising that interventions selected by OptKnock were in close alignment to those previously identified using a pathway analysis. A clear example is the identification of the PYC1/ 2 genes by both strategies. In addition, both strategies sought to manipulate glycogen production by either the GSY1/2 paralog system or the PGM1/2 system. The deletion of GSY1/2 influences the final process in glycogen synthesis (Fig. 2) , where PGM1/2 affects the pathway further upstream, preventing synthesis of unnecessary metabolites. A final feature of the OptKnock strategy is that disruptions not obvious via traditional pathway analysis can be elucidated through the use of genome-scale analysis. Using the core model with OptKnock suggested the regulator of lipid metabolism (NTE1) as an avenue for increased TAL precursor pools in S. cerevisiae, a logical result that was not readily identified in our previous analysis. As shown in Fig. 2 , NTE1 encodes the serine esterase responsible for, among other things, repression of the OPI1-encoded Opi1 repressor protein (Fernández-Murray et al., 2009) . The enzyme silences the yeast fatty acid synthase, helping modulate phospholipid biosynthesis in S. cerevisiae (Schweizer and Hofmann, 2004) . Disrupting NTE1 potentially relieves the repression of Opi1 and reduces flux of TAL precursors toward competing products like fatty acids. With Nte1 participating in the global regulation of lipid metabolism, further experiments need to be performed to pinpoint exactly how Δnte1 is improving TAL production.
Downregulation of fatty acid synthesis via cerulenin addition
Yeast fatty acid biosynthesis is an obvious choice for downregulation to improve the levels of TAL and other polyketides. The FAS1/FAS2 complex uses acetyl-CoA, malonyl-CoA, and NADPH for the creation of long chain fatty acids, primarily the 16-carbon palmitate (Wakil et al., 1983 ). An initial experiment was performed to determine the effect of fatty acid downregulation on TAL levels. Strain BY4741 (carrying pXP842-2PS) was cultivated in YPD medium containing 10 mM cerulenin for 48 h. Cerulenin is a known fatty acid synthase inhibitor, and at this concentration the strain would be subject to a significantly repressed FAS complex (Omura, 1976) . The cerulenin was added at time zero (C0) or 12 h post-inoculation (C12); the latter time corresponds to glucose depletion in the batch culture. The specific production of TAL for culture C0 was approximately 2-fold higher than the control (Fig. 3A) . However, due to the inhibitory effects of this compound, final cell density reached only 10% of the control strain and therefore volumetric (titer) production was very low (Fig. 3B and C). The outcome was very different when the cerulenin was spiked at a later time (C12). By postponing the inhibition of fatty acid biosynthesis, a normal cell density was achieved (Fig. 3B) . Specific TAL production was reduced only slightly relative to C0, while titers were 10-fold higher relative to C0. Final titer for the C12 culture was comparable to the other interventions, and 2.5-fold greater than the base strain. This result, and that for the NTE1 deletion, suggests that modulating fatty acid synthesis will be instrumental for increased production of triacetic acid lactone in S. cerevisiae.
Combining pathway interventions
A total of 17 single gene deletions were identified and tested for improved TAL synthesis in S. cerevisiae. To determine whether further increases could be achieved by combining multiple deletions, a subset of the 17 genes was selected that would potentially provide the best gains, with minimal deleterious effects. We selected strong performers from Fig. 3 and introduced the following disruptions: protease activity (PRB1), reverse glycolysis (PYC2), cofactor transport (YIA6), and lipid biosynthesis (NTE1). The genes were selected to affect significantly different pathways in order to ensure minimal overlap with the hope of producing substantial increases in TAL production. The strains were constructed first by sequential deletion of genes PRB1 and PYC2 in the base strain BY4741Δtrp1. YIA6 or NTE1 was then knocked out to create strains BYtΔprb1Δpyc2Δyia6 and BYtΔprb1Δpyc2Δnte1, respectively. Lastly, YIA6 was deleted from BYtΔprb1Δpyc2Δnte1 to construct the quadruple knockout strain (BYtΔprb1Δpyc2Δyia6Δnte1). The Δpyc2 and Δpyc2Δnte1 deletions were also introduced into the alternate protease-deficient strain BJ5464 for comparison. All strains were then transformed with pXP842-2PS, cultivated for 48 h in YPD (1% glucose), and TAL levels were measured (Fig. 4) . The TAL titer for BYtΔprb1Δpyc2 strain was 0.91 g/L, nearly three times higher than that of the base strain and 57% higher than for BYtΔprb1. Subsequent deletion of either YIA6 or NTE1 further increased TAL levels, with the latter exceeding 1.0 g/L. The combination of all four deletions in strain BYtΔprb1Δpyc2Δyia6Δnte1 resulted in a final titer of 1.3 g/L (29% of theoretical yield) corresponding to an overall 5-fold improvement over the base strain. If the increases for the single gene deletions were cumulative, titer would have been approximately 1.9 g/L, suggesting new bottlenecks might be present. The Δpyc2 and Δpyc2Δnte1 deletions were also introduced into the alternate strain BJ5464 to see if similar behavior was observed. Sequential gene knockouts increased TAL levels in this strain as well (Fig. 4) . Interestingly, the BJ5464-based strains generally showed higher levels of TAL production relative to the comparable BY4741-based strains. BJΔpyc2 produced 23% more TAL than BYtΔprb1Δpyc2, and BJΔpyc2Δnte1 produced 29% more than BYtΔprb1Δpyc2Δnte1. We have observed similar results with other polyketides in our laboratory.
All strains showed similar growth behaviors and final cell densities. Therefore, specific TAL production (per g cell basis) showed the same trend as that in Fig. 4 (see Supplementary Data: Figure S3 ). In addition, although the strains were cultivated in YPD medium, plasmid stability was not an issue due to the late-phase induction, and was routinely measured at over 85% for all strains tested (e.g., for strain BYtΔprb1Δpyc2Δyia6Δnte1, 8772% of the cells retained the 2-PS plasmid after 48 h).
Glucose fed-batch fermentations
In order to further evaluate the engineered strain BYtΔprb1-Δpyc2Δyia6Δnte1 for the high-level production of TAL, fed-batch fermentations were performed. The seed and batch cultures were in YPD with 1% glucose. Based on the toxicity data (Section 3.1), we chose to maintain pH at 6.0. After allowing the initial glucose to be consumed for approximately 12 h, pure glucose was continuously fed while ensuring that glucose levels were kept low to maximize expression of the 2-PS under the P ADH2 promoter. To do this, glucose feed rate was allowed to vary in order to limit dissolved oxygen levels to 20% throughout the fermentation. In addition, off-line HPLC analysis was performed to quantify glucose levels during the fed-batch stage; glucose concentration never exceeded 0.35 g/L.
From 24 to 48 h, triacetic acid lactone levels increased 3-fold to over 1 g/L, and by 72 h began to level off at greater than 2 g/L (Fig. 5) . Biomass concentration and TAL production on a per g cell basis are shown in Fig. S5 (Supplementary Data) . By 96 h, supplementation of glucose to maintain DO levels was minimal, and culture density was unchanged. This is likely due to other nutrient limitations after 48 h using a glucose-only feed. Using our engineered strain, a final titer of 2.2 g/L was achieved in the fed-batch culture (versus 1.3 g/L in batch). It is noteworthy that a similar yield was obtained (0.12 g/g glucose) as in the small-scale batch cultures (0.13 g/g glucose).
A summary of the substantial improvements in TAL titer and yield obtained with the various interventions is shown in Fig. 6 . The highest TAL production was observed with strain . TAL titers during fermentor-controlled (New Brunswick BioFlo III) glucose fed-batch cultivation using the engineered strain BYtΔprb1Δpyc2Δyia6Δnte1. Following inoculation, the cells were grown in batch culture for 12 h. The glucose feed (3.6 M) was then initiated, and feed rate was controlled (0-1.5 mL/h) to maintain DO at 20% with an aeration rate of 0.8 vvm. Bars represent means 7 one standard deviation (n¼ 3 independent experiments). Fig. 6 . Final titer and yield summary for TAL production in S. cerevisiae. Volumetric titer (g/L), specific production (cell basis; g/g DCW), and corresponding yield on glucose (g/g) with percent theoretical yield are shown.
BYtΔprb1Δpyc2Δyia6Δnte1 reaching a maximum titer of 2.2 g/L and a maximum yield of 0.12-0.13 g/g glucose (26-29% of theoretical). These are the highest yields and titers reported to date, with the yield 13-fold and 3.0-fold higher than reported by Xie et al. (2006) for S. cerevisiae expressing the 2-PS or 6-MSAS variant, respectively.
Conclusions
S. cerevisiae is an excellent host for the production of triacetic acid lactone due to the minimal toxicity. Our initial baseline strain produced very low titers (58 mg/L) of TAL with a yield on glucose of less than 1% (g/g). Initial changes in the expression system (e.g., promoter, media) increased TAL titer by approximately 4-fold to 0.25 g/L and increased yield by approximately 10-fold. The introduction of protease knockouts to improve in vivo stability of the 2-pyrone synthase produced an additional 2-fold improvement in titer to 0.58 g/L and a further 2-fold increase in yield. Pathway engineering of central carbon metabolism, including the evaluation of computational predictions, identified a total of 15 potential gene knockouts. Up to 3-fold increases in TAL titer were observed for the single gene deletion strains. By combining multiple gene knockouts and performing batch and fed-batch culture, our highest titer was 2.2 g/L and our highest yield was 0.13 (g/g glucose), or 29% of theoretical. To our knowledge, this is the first study implementing metabolic pathway engineering to increase the synthesis of TAL. This study also provides the highest titer and yield of TAL reported to date. Overall, incorporation of optimal culture parameters and combined pathway gene knockouts led to a 37-fold increase in final titer and an approximately 50-fold increase in yield. Additional studies are underway to evaluate the upregulation of specific pathway genes and rational enzyme engineering approaches for improved TAL synthesis in S. cerevisiae.
